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ABSTRACT
Surveys of terrestrial microinvertebrate morphometry, especially spatial patterns of body size
at wider geographical scales, including the polar regions, are very scarce. In this study, we
focused on Tardigrada, common limno-terrestrial microinvertebrates. Considering
Bergmann’s rule, originally formulated for endothermic animals, we tested the hypothesis
that body length of limno-terrestrial tardigrades augments with increasing latitude and
decreasing temperature. Since some of our sampling areas adjoined seabird colonies, we
also explored the effects of nutrients from seabird guano deposits. Individual body length of
Testechiniscus spitsbergensis was measured in populations obtained from seven localities
distributed along a latitudinal gradient extending from 45°N (northern Italy) to 79°N (northern
Svalbard), and for Pilatobius recamieri from three localities in Svalbard (77°N-80°N).
Considering both latitude and proximity to a seabird colony there were significant effects
of locality on the body length of T. spitsbergensis; however, no clear pattern of increasing
individual body size with increasing latitude could be detected. Immense differences in body
size may be a signal for cryptic species diversity within this genus. No effect of latitude, or
proximity to a seabird colony, on the body length of Arctic populations of P. recamieri was
documented. Evidently, there is no tendency towards body size increase along the latitudinal
gradient in either T. spitsbergensis or P. recamieri. Our study, and recent literature, indicates
that larger body size in polar regions reported for several groups of micro-fauna may be a
taxon-dependent response, and cannot be taken as a universally applicable rule for limno-
terrestrial animals.
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Introduction
Body size is known to be related to longevity, fecund-
ity, the ability to migrate, predator–prey interactions
and host–parasite interactions, together with envir-
onmental factors such as latitude and altitude (e.g.,
Atkinson 1994; Johnson et al. 2005; Gardner et al.
2011; Bowden et al. 2015; Laska et al. 2017). The
relationship between an organism’s body size, tem-
perature and latitude has been frequently discussed in
recent literature (e.g., Blackburn et al. 1999; Hildrew
et al. 2007; Gardner et al. 2011; Moran & Woods
2012; O’Gorman et al. 2012; Berke et al. 2013;
Horne et al. 2015). One of the major factors affecting
body size is temperature (Atkinson 1994; Blackburn
et al. 1999; Ashton 2002; Gilloly et al. 2001) – and the
systematic effect of increasing latitude (decreasing
temperature) on body size of endotherms is one of
the commonly encountered biological observations
(Bergmann 1847; James 1970). One of the classical
ecogeographical explanations for interspecific latitu-
dinal and temperature variation in body size is
Bergmann’s rule (Bergmann 1847), which states that
larger animals have lower surface area to volume
ratios, so they lose less heat per unit of mass and as
a result would be expected to grow larger in colder
regions. However, Bergmann’s rule was originally
formulated for endothermic animals, and although
it has repeatedly been proposed to be applicable
more widely (Ashton 2002; Ashton & Feldman
2003), a number of contradictory patterns are fre-
quently observed in ectotherms (Atkinson 1994;
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Angilletta & Dunham 2003; Ashton & Feldman 2003;
Berke et al. 2013). There is also the temperature–size
rule that predicts that oxygen demands and different
thermal sensitivities in growth and development rate
may lead to smaller size at a given age in warmer
temperatures (Atkinson 1994). Another remarkable
phenomenon, polar gigantism, or more specifically
the presence of large representatives of many marine
invertebrate groups in polar waters, especially in the
Antarctic, has attracted considerable research atten-
tion and a quest for a general explanation (Moran &
Woods 2012). Gigantism remains a phenomenon
operating at the inter – rather than the intraspecific
level, that has led to several theories explaining the
physical, ecological and evolutionary constraints on
aquatic invertebrate body size (Chapelle & Peck 1999;
Moran & Woods 2012). Nonetheless, explanations for
this biogeographical effect, observed mostly in marine
habitats, remain debatable (Moran & Woods 2012).
Body size in some aquatic animals is reduced with
both increasing temperature and decreasing latitude,
and it is thought that oxygen limitation may be the
factor controlling size shifts (Horne et al. 2015).
However, contradictory evidence for similar patterns
in terrestrial fauna (mostly insects) exist (e.g.,
Makarieva et al. 2005; Horne et al. 2015), and only
limited information on latitudinal patterns in non-
insect limno-terrestrial (i.e., species requiring a film
of water to maintain life functions in terrestrial envir-
onments that often desiccate abruptly) invertebrate
groups is available. In terrestrial species, shifts in
body size patterns are thought to be related to life
histories as well as seasonal temperature changes
(Horne et al. 2015, 2017).
Changes in climate have the potential to affect
physiology, distribution patterns and phenology of
plants and animals (IPCC 2007; Thackeray et al.
2010; Yvon-Durocher et al. 2010; Gardner et al. 2011;
Hodkinson 2013), and increasing temperatures may
also induce shifts in body size of particular species as
well as total biomass at the community level (Yvon-
Durocher et al. 2010; Gardner et al. 2011; Bowden
et al. 2015). An understanding of the temperature
effects on organism size is especially important in the
rapidly changing polar ecosystems in which inverte-
brates are restricted to only a few groups. These
groups play important roles as prey, grazers or pre-
dators (e.g., Hodkinson 2013), and body size change in
one ecological group or key species may affect the
functioning of the entire ecosystem (Gardner et al.
2011). An example of such a size-related functional
change is the scenario involving the shift in dominance
from a large-bodied Arctic copepod species (Calanus
glacialis) to its warm-water, smaller and co-generic
species (C. finmarchicus), and the effects of this shift
on the survival of the little auk colonies in the Arctic
(Stempniewicz et al. 2007).
Until now, little attention has been given to the
comparative morphometry of microscopic limno-ter-
restrial invertebrates living at different latitudes, espe-
cially in polar regions. While a number of recent
papers have been devoted to body size in Arctic
marine or freshwater invertebrates (e.g., Węsławski
et al. 2006; Trudnowska et al. 2014; Grzelak et al.
2016; Kolicka et al. 2016; Hirst et al. 2017), the issue
remains neglected in polar limno-terrestrial microin-
vertebrates, with only a handful of studies performed
in the Antarctic or Arctic (e.g., Jennings 1976;
Zawierucha et al. 2015; Seniczak et al. 2017).
The present study focuses on spatial patterns in
size (as indicated by body length) in one of the
dominant groups of limno-terrestrial microinverte-
brates, namely tardigrades. This group is distributed
in all zoogeographical zones, comprising over 1200
taxa (Degma & Guidetti 2007; Degma et al. 2009–
2017) that inhabit terrestrial, freshwater, brackish and
marine environments (Nelson et al. 2015). In limno-
terrestrial ecosystems they play important roles in
food webs, not only as herbivores, grazers and pre-
dators, but also as a food source for other microin-
vertebrates (Hohberg & Traunspurger 2005; Nelson
et al. 2015; Zawierucha, Ostrowska et al. 2016).
Locally they can reach very high densities, up to
hundreds of individuals per gram of dry plant or
soil sample (e.g., Zawierucha, Zmudczyńska-Skarbek
et al. 2016). Nonetheless, detailed experimental (field
or laboratory) data are scarce for tardigrade morpho-
metry (e.g., Ramazzotti & Maucci 1983; Schuster &
Greven 2013; Kosztyła et al. 2016). Recent studies
conducted under laboratory conditions have shown
that tardigrade morphometric traits may be influ-
enced by the environment (Kosztyła et al. 2016),
genetics (Stec et al. 2016) and individual develop-
ment/ontogeny (Morek, Gąsiorek et al. 2016). Varia-
tion in observations due to preparation techniques
has also been reported (Morek, Stec et al. 2016).
Body size and morphometrics have been used
throughout the history of tardigrade research (Pilato
1981; Bartels et al. 2011; Fontoura & Morais 2011;
Kosztyła et al. 2016), yet there is a lack of studies on
the impact of latitude on body size. Despite extensive
and fully controlled laboratory experiments on the
influence of temperature on the phenotypic plasticity
and size ranges of tardigrades (Kosztyła et al. 2016;
Stec et al. 2016) there remains a paucity of knowledge
on tardigrade size variability in the natural environ-
ment. Researchers carrying out laboratory studies
underlined the possibility that field sampling may
reveal additional effects of environmental drivers on
tardigrade body size (Kosztyła et al. 2016).
In the study reported here, we explored the latitu-
dinal patterns of body size in two tardigrade species
Testechiniscus spitsbergensis (Scourfield, 1897) and
Pilatobius recamieri (Richters, 1911). We analysed
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whether body size (indicated by body length) of tar-
digrades increases towards higher latitudes. Using the
time to space analogue approach, we aimed to learn if
an increasing global temperature might influence the
body size of tardigrades in the Arctic. Moreover,
since tardigrade body size could be affected by
enhanced food resources found in the nutrient-
enriched tundra near seabird colonies (Zawierucha
et al. 2015), and as some of our study areas adjoined
such colonies, we tested the effects of this factor as
well.
Material and methods
Sample collection and processing
Twenty-two moss, mixed moss/lichen, moss/soil and
moss/Salix sp. samples were collected, along the lati-
tudinal gradient from 45°N to 80°N, from nine local-
ities: NI, Tat, Sco, Tro, SvB, SvH, SvF, SvN and SvP
(Fig. 1, Supplementary Table S1). Sampling locations
included grassland with snow cover during winter
from the Alpine region, which lies at the intersection
between the Atlantic Ocean, the Mediterranean Sea
and the European mainland, characterized by conti-
nental air from mainland Europe and a maritime
influence (NI), mountains with a humid climate and
snow cover during winter (Tat), lowland temperate
humid insular climate (Sco), Subarctic highland areas
(Tro), tundra, midway between the Norwegian main-
land and High-Arctic islands (SvB) to High-Arctic
tundra localities (SvH, SvF, SvN, SvP). The distance
between the southernmost and the northernmost
sampling points in the first gradient is ca. 3853 km.
For the NI and the Tat sites, we located climatic data
for the nearest location to the sampling sites.
However, the values were limited to maximum and
minimum average temperatures, with no general
monthly averages. Therefore, we used temperatures
for those months where both minimum and maxi-
mum temperatures remained above 0°C, i.e., when
the soil is not frozen and snow cover is reduced so
that the animals may be active. For the other localities
the average temperatures were obtained for months
with temperatures during day and night above 0°C.
In general average temperatures in periods above 0°C
ranged from a maximum of ca. 16°C and minimum
of ca. 7°C in the south to an average of 2.5°C in
northern localities. Sampling locations in the second
gradational transect included High-Arctic tundra
localities (SvH, SvF, SvP). The distance between the
southernmost and the northernmost sampling points
in this second transect is ca. 420 km. Average tem-
peratures ranged from 3.5°C in the southern locality
to 2.2 – 2.5°C in the northern localities. Samples were
collected during a season without snow and frost
(Supplementary Table S1). All samples were placed
in paper envelopes and left to dry slowly. Analysed
samples were of approximate equal size – not more
than 2–3 g of the dry material.
Seven samples were collected from Arctic areas
that were influenced by seabirds. These areas are
characterized by nutrients originating from guano,
eggshells and carcasses, which significantly influence
soil physicochemical properties that, in turn, result in
higher biomass and plant diversity (Eurola & Hakala
1977; Zwolicki et al. 2013; Zwolicki et al. 2016).
Because of their considerable plant biomass, and
high plant and animal diversity, these areas were
proposed for sampling as they may influence the
body size of tardigrades (Zawierucha et al. 2015).
For the analysis of nutrient effects on tardigrade
body size, samples from areas influenced by seabirds
(samples from areas surrounded by bird colonies)
and samples not influenced by ornithogenic guano
were included. The characteristics of the sampling
sites (geographical position, sample type, presence/
absence of seabird colonies, sampling date, elevation
above sea level, average temperature, tardigrade spe-
cies and number of individuals measured) are pro-
vided in Supplementary Table S1.
In the laboratory, specimens were isolated by pla-
cing a piece of the sample in a beaker filled with water.
After a few hours, the material was shaken within the
beaker. The supernatant containing tardigrades was
then stirred and poured into a 250 ml cylinder.
When all particles had settled onto the cylinder
Figure 1. Map with sampling locations for (a) Testechiniscus
spitsbergensis and (b) Pilatobius recamieri.
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bottom (after at least 25 min), the top layer of water
was discarded and the remaining ca. 40 – 50 ml was
stirred and poured onto Petri dishes and scanned
under a stereomicroscope in search of tardigrades.
General characteristics of model animals
Testechiniscus spitsbergensis (Fig. 2a) belongs to the
Echiniscidae, possessing an externalmorphology typical
for this family: an exoskeleton strengthened by symme-
trically arranged dorsal cuticular plates. It has additional
ventral plates and large black eyes, traits that are specific
to the genus (Kristensen 1987; Gąsiorek et al. 2018). The
species in the genus typically have an Arctic–high-
mountain distribution, inhabiting Greenland, Iceland,
Svalbard and colder localities in continental Europe and
Africa (Ramazzotti & Maucci 1983; Gąsiorek et al.
2018). Because of failure in DNA sequencing and lack
of molecular data in the genus Testechniscus, specimens
outside of terra typica should be considered as
Testechiniscus cf. spitsbergensis until the basic barcodes
are available for the group.
Pilatobius recamieri (Fig. 2b) exhibits a combination
of traits common within the family Hypsibiidae: asym-
metrical claws, with external claws being much longer
than internal ones, and the bucco-pharyngeal apparatus
subdivided into a rigid anterior portion and a longer
flexible posterior portion. Pilatobius recamieri has two
macroplacoids and septulum. This species is an
indigenous element of the High-Arctic fauna and is
rarely reported from the continental Europe
(Gąsiorek, Zawierucha et al. 2017).
Both species are thought to feed on algae, bacteria
and detritus (Schill et al. 2011; Guil & Sanchez-
Moreno 2013).
Selection of individuals for morphometry
We excluded from our analysis those animals not
suitably orientated for morphometry (shrunken or
bent). The first instars or larvae of T. spitsbergensis
are easily distinguishable from juvenile and adult
specimens by possession of only two claws, i.e., they
lack the external claws (Bertolani et al. 1984), whereas
first instar of P. recamieri can be recognized by their
small size (ca. 150–160 µm in length; see Kosztyła
et al. 2016 for morphometry of first instars in
Eutardigrada). We were therefore able to exclude
them from the data set. To avoid confusion related
to the presence or dominance of early or old instars
in the samples, we developed two models, the main
analysis utilized adults only, and the second incorpo-
rated all individuals, including the second stage with
developed external claws, but lacking a gonopore, i.e.,
juveniles (Bertolani et al. 1984; Gąsiorek, Stec et al.
2017). In T. spitsbergensis juveniles can readily be
distinguished from sexually mature adults by the
absence of a gonopore. Observations made under
Figure 2. Tardigrada: (a) Testechiniscus spitsbergensis (under PCM); (b) Pilatobius recamieri (under DIC). The main white axis
indicates body length used in measurements. The scale bars are in μm.
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PCM of both sexually immature and adult specimens
revealed no significant morphometric differences
between these two stages (Zawierucha, Gąsiorek
pers. obs.). Therefore, to exclude both larvae (in T.
spitsbergensis) and first instar (in P. recamieri) from
consideration within the main analysis we included
only those specimens with length equal to or greater
than 200 µm. By excluding both larvae and very small
specimens, we were able to minimize the effect of
instars within the main analysis. In the second ana-
lysis we included all individuals (with the exception
of first instars).
Measurements and data analyses
Tardigrade individuals were mounted on microscope
slides in a small drop of Hoyer’s medium and exam-
ined under an Olympus BX53 PCM associated with
an ARTCAM 500 digital camera. The sample size (the
number of individuals which allowed confident inter-
pretation of dimensions) for morphometric analysis
was chosen following recommendations provided by
Stec et al. (2016). Based on the statistical treatment of
large data sets of tardigrade morphometric measure-
ments, they recommend 16–18 specimens (for mem-
bers of the Hypsibiidae, e.g., P. recamieri) as the
minimum number of individuals needed to obtain
means for traits that are not significantly different
from the population values. There is a lack of infor-
mation relating to optimal sample size, for morpho-
metry, for heterotardigrades (e.g., T. spitsbergensis).
However, as 19 measurements are thought to provide
an overall average for Eutardigrada (e.g., P. reca-
mieri), we measured a minimum of 21 individuals
of T. spitsbergensis. All measurements (μm) were
performed under PCM using the QuickPHOTO
CAMERA 3.0. software.
The best method for estimation of eutardigrade
body size is measurement of buccal tube length
(e.g., Bartels et al. 2011). However, in our speci-
mens the buccal tubes were not arranged in one
plane, so it was difficult to obtain at the correct
angle for morphometry. We therefore decided to
directly measure the body length of suitably orien-
tated specimens from the anterior to the posterior
end of the body, excluding the hind legs. For spe-
cies identification, the keys of Ramazzotti & Maucci
(1983) and Dastych (1988), together with a recent
re-descriptions of P. recamieri and T. spitsbergensis
by Gąsiorek, Zawierucha et al. and (2017) and
Gąsiorek et al. (2018) were used.
In total 257 individuals of T. spitsbergensis and 69
individuals of P. recamieri were analysed. Body
lengths of T. spitsbergensis were recorded from
seven locations (see first gradient; Fig. 1a). NI (54
individuals from one moss sample), Tat (42 indivi-
duals from two moss samples), Sco (28 individuals
from one moss sample), Tro (26 individuals from one
moss sample), SvB (29 individuals from three moss/
soil and one moss/Salix sp. samples), SvH (57 indivi-
duals from four moss samples), SvN (21 individuals
from one moss/soil sample). For P. recamieri mea-
surements were performed on specimens collected
from three Svalbard locations (second gradient,
Fig. 1b). SvH (18 individuals from five moss sam-
ples), SvF (21 individuals from one moss sample) and
SvP (30 individuals from one moss and one moss/
lichen sample).
Investigations into the response of body size to
external stimuli depend very much on whether the
collected data set is statistically suited for the detec-
tion of any such response. For example, even if there
would be a significant, yet small, change of body size
with the latitude, a small data set and/or high varia-
bility characterizing individuals within a single popu-
lation may outweigh the trend and cause a false
negative observation. In order to evaluate whether
the collected data have sufficient power to detect
biologically relevant changes in body size, we per-
formed the following thought experiment. Kosztyła
et al. (2016) exposed six tardigrade species to changes
in temperature and food regimes and observed, on
average, a 12% change in body size between the most
extreme treatments. This experiment therefore sets a
range where one may expect a change in body size to
occur in response to external stimuli. To evaluate the
power of our data we conservatively assessed whether
an average 6% change in body size between the
extremes in the sampled gradient could be detected
using our data set, taking into consideration the real-
size variance. Specifically, we compared the original
data of 42 individuals from the southernmost site
(NI) with the simulated data set of 42 individuals
that increased their size by an average factor of 6%.
To do so, we first generated 42 random numbers
from the normal distribution with a mean of 0.06
(corresponding to expected change in body size by
6%) and relatively large SD (0.07). Subsequently, we
used these numbers to multiply the original data set
of 42 individual lengths and therefore obtained a
simulated data set in which tardigrades from NI
were artificially increased on average by 6% while
keeping the dispersion of the original data (note
that the SD used for the simulated data ensured that
the maximum/minimum values of the simulated data
set would not differ by more than 12% from the
maximum/minimum in the original data). Finally,
we used Student’s t-test to evaluate whether the mod-
ified data sets significantly differed from the original
data. The simulations for the northern site (SvH)
were done analogously except that the original data
were decreased in size.
For each species, the variation in body length
was analysed using a type III sum of squares linear
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model with “seabird” (the presence or absence of a
seabird colony within a study location) and “local-
ity” as the grouping factors. We also used the
“altitude” as a numerical covariate, and also con-
ducted a one-way ANOVA to test the differences
between all localities with the Hochberg’s GT2
post-hoc test for unequal groups. We tested the
data distribution by using the Shapiro-Wilk test
(for histograms see Supplementary Fig. S1). All
tests were two-tailed and the alpha level for sig-
nificant differences was set to 0.05. All statistical
analyses were conducted in SPSS Statistics (version
23, IBM). In the main analysis (an approach
further called “adults only”) we removed seven
juveniles – as each specimen was below 200 µm
– from the following T. spitsbergensis samples: Tat
– 3, Sco – 1, SvH – 1, SvN – 2. For T. spitsber-
gensis we conducted an additional analysis includ-
ing juveniles but without first instars (an approach
named “all individuals”; see Supplementary Tables
S2 and S3 for details).
Results
The mean body length of T. spitsbergensis in the
main analysis from all seven populations ranged
from 278.6 µm (Tro) to 330 µm (Sco). The smal-
lest (207 µm) and the largest (410 µm) individuals
of T. spitsbergensis within the main analysis were
found in SvH and NI respectively. The mean body
length of P. recamieri from all three populations
ranged in the main analysis from 300.1 µm (SvH)
to 323.7 µm (SvP). The smallest (205 µm) and the
largest (407.4 µm) individuals of P. recamieri were
found in SvF and SvH, respectively. We did not
find any differences between the average body size
in those groups incorporating all individuals (i.e.,
including animals below 200 µm, considered as
early juveniles) and those composed of adults
only (i.e., excluding animals below 200 µm).
Basic statistics for all individuals (mean, CI, SE,
min., max. body size) of T. spitsbergensis and P.
recamieri are given in Supplementary Table S2.
We performed a simulation study to test if our data
had sufficient power to detect biologically relevant
changes in tardigrade size along the studied transect.
Specifically, we confirmed that even a relatively minor
body size change (6% on average with relatively large
variance among individuals) between the two extremes
of a transect results in highly significant differences.
This confirmed that if such potential body size change
had occurred along the transect, it would have been
detected within our data set.
For T. spitsbergensis, the results of the linear model
revealed a statistically significant effect of locality
(F(6,240) = 7.974, p < 0.001; Supplementary Table S3,
Fig. 3), with respect to the presence of seabird colony
(F(1,240) = 5.130, p = 0.024), on the body length of
individuals. Both the altitude (F(1,240) = 2.655,
p = 0.105) and the interaction of latitude and seabird
presence were not statistically significant.
Nevertheless, the strongest effect on body length
was related to latitude. We conducted the post-hoc
test which revealed differences between the following
localities: NI> Tat, Tro; Sc > Tat, Tro; SvH> Tat, Tro
(Table 1). However, these significant differences are
not related to latitudinal variation.
By using the same model in P. recamieri, as uti-
lized in T. spitsbergensis, we did not find any statisti-
cally significant effects as a result of, seabird presence
(F(1,64) = 1.312, p = 0.256), locality (F(2,64) = 2.695,
p = 0.075, Fig. 4), or altitude (F(1,64) = 1.311,
p = 0.257) on the body length of individuals.
However, the effect of seabird colony was statistically
significant in the model that did not included altitude
as a covariate (F(1,65) = 7.286, p = 0.009; see more
details in Supplementary Table S3). Although
Pilatobius recamieri exhibited increasing body size
with increasing latitude, the pattern was not
significant.
Data detailing the distribution of tardigrade body size
for each location are provided in Supplementary Fig. S1.
Figure 3. Mean values (± 0.95 CI) of Testechiniscus spitsber-
gensis body length in seven analysed localities. Numbers
above the bars indicate sample size.
Table 1. Significance (p) values of Hochberg’s GT2 post-hoc
test for differences in Testechiniscus spitsbergensis body length
between different localities. In Pilatobius recamieri all differ-
ences between localities were statistically not significant.
NI Tat Sco Tro SvB SvH
Locality Latitude (°N) 45 49 57 69 74 77
Tat 49 0.001
Sco 57 n/s 0.006
Tro 69 < 0.001 n/s < 0.001
SvB 74 n/s n/s n/s n/s
SvH 77 n/s 0.014 n/s 0.001 n/s
SvN 80 n/s n/s n/s n/s n/s n/s
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Discussion
We did not find any clear linear response in body size
with increasing latitude/decreasing temperature in
either of the studied species. Nevertheless, the strongest
effect on body length was related to the locality.
Kosztyła et al. (2016) studied the phenotypic plasticity
of taxonomically meaningful traits under laboratory
conditions for eutardigrades (including the family
Hypsibiidae Pilato, 1969, to which P. recamieri
belongs). The authors demonstrated that tardigrades
grow largest at low temperatures, whereas the smallest
animals were observed under the highest temperatures.
However, the significant differences were only observed
between the 8°C and 20°C treatments – a temperature
difference of 12°C. On the other hand, in one species
(belonging to the genus Milnesium) Kosztyła et al.
(2016) found no differences in morphological traits
(body size, buccal apparatus, claw length) and they
highlighted that a much wider range of intraspecific
phenotypic variation, formed by environmental factors,
other than temperature, was likely to be found in tardi-
grades collected directly from the field. The lack of any
tardigrade body size response to latitudinal gradient
and variability in temperature presented in our study
is in accordance with, and confirms, the assumptions
put forward by Kosztyła et al. (2016) that other factors
may influence variability.
Studies conducted on beetles from two regions
(Marion Island, Heard Island) showed that their body
size differs in response to a combination of seasonality
and altitude (Chown & Klok 2003). On non-seasonal
islands, body size was found to increase with altitude,
whereas on islands with distinct seasons the opposite
pattern was found (Chown & Klok 2003). Tardigrade
body size may respond to seasonal variability in envir-
onmental factors and altitude but such a relationship
has not been demonstrated. Four of our localities with
T. spitsbergensis (NI, Tat, Sco and Tro) are located in
strongly seasonal areas (presence of four seasons during
a year). Therefore, the effects of latitude and altitude
may effectively counterbalance each other (note that
Arctic and Subarctic locations are the lowest, Sco inter-
mediate, and NI and Tat are the highest locations [a.s.
l.]). An alternative explanation for the observed lack of
latitudinal response may stem directly from the predi-
lection of the studied species for polar and cold habitats
(Ramazzotti & Maucci 1983; Dastych 1988). These spe-
cies are known mainly from upland and mountainous
regions in continental Europe, while in the far north,
they occur even at low elevation (Zawierucha et al.
2016). Generalizations about the effect of latitude on
the pattern of distribution of a species may therefore be
misleading, as at lower latitudes altitude may be a sig-
nificant driver of species distribution and size.
Tardigrades are invertebrates having a number of
instars during their life history and many generations
during a year (Franceschi et al. 1962-1963; Ramazzotti &
Maucci 1983; Schuster & Greven 2013; Kosztyła et al.
2016). Multi-voltinism and seasonality in terrestrial
arthropods have been discussed as factors that may be
related to body size changes along temperature and
latitudinal gradients (Horne et al. 2015, 2017). Horne
et al. (2015), found that multi-voltine terrestrial species
grew larger during the warmer seasons, whereas the body
size of aquatic arthropods reduced. The effects of voltin-
ism and seasonal thermal changes on limno-terrestrial
tardigrade body size remains unclear but are likely to be
complex given that the limno-terrestrial habitat occupies
a position that is neither fully terrestrial nor aquatic.
Although seasonal variability may result in shifts of
body size, such effect has not been widely accepted.
Schuster & Greven (2013) sampled monthly (over a
period of 4.5 years) a lawn covered by a moss carpet
and reported that two of the three tardigrade species
studied were larger during springtime following a period
of cryobiosis in winter. The authors hypothesized that
reduced exposure to sunlight negatively affected the body
lengths of these two tardigrade species. Angilletta &
Dunham (2003) andMoran&Woods (2012) highlighted
that multiple factors may influence body size simulta-
neously, and that animal size most likely evolves in a
taxon-dependent way. Altitude and seasonality may have
some impact on body size but conflicting evidence,
derived from the published literature for both
endotherms and ectotherms, indicates that both an
increase or a decrease in body size is possible
(Hamilton 1961; Haas et al. 1977; Chown & Klok
2013). Such changes may therefore reflect a taxon-
depended response. In a long-term eight-year study on
the structure and function of aquatic communities in
streams in Iceland, it was shown that some species of
diatoms, chironomids and other macroinvertebrates
decreased in size with increasing temperature, still most
showed no change, or even an increase, in individual
body size with water increasing temperature (O’Gorman
Figure 4. Mean (± 0.95 CI) body length of Pilatobius recamieri in
three localities on Svalbard. Sample size indicated above the bars.
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et al. 2012), which again confirms that body size may be
influenced multidirectionally and is likely taxon-specific.
The phylum Tardigrada is able to inhabit diverse
and extreme environments, i.e., on account of its
small size, ensuing simplification of the body plan,
easy dispersion and cryptobiosis – an ametabolic life
state (e.g., Wright et al. 1992; Nielsen 2001; Nelson
et al. 2015). This study includes localities in the Arctic
where the growing season is short, the soil is frozen
for most of the year and tardigrades are likely to enter
cryptobiosis to survive the polar winter season.
Jönsson & Rebecchi (2002) suggested that body size
may influence tardigrade capability to survive in
cryptobiosis, ipso facto Arctic animals should be big-
ger than their more temperate counterparts. Contrary
to Jönsson & Rebecchi (2002), we found that our
Arctic specimens of T. spitsbergensis were not the
biggest, and that instead the largest were found in
locations NI (northern Italy) and Sco (Scotland)
where, unlike the Arctic, the soil remains unfrozen
for the most of the year. Moreover, Czernekova &
Jönsson (2016) used tardigrade specimens in a recent
experiment and desiccated them under controlled
relative humidity. After each desiccation cycle water
bears were selected for morphometric analysis. No
significant differences were found with respect to
body length among trials, including desiccated ani-
mals and controls, indicating that cryptobiosis does
not change body size (Czernekova & Jönsson 2016).
The effect of seabird guano enrichment was docu-
mented only for T. spitsbergensis. In the generally nutri-
ent-poor Arctic terrestrial ecosystem, seabird colonies
support some of the richest habitats, and typically have
a relatively high plant biomass and animal densities (e.g.,
Zmudczyńska et al. 2012; Zawierucha, Zmudczyńska-
Skarbek et al. 2016; Zwolicki et al. 2016). This happens
because of the ornithogenic transport ofmarine nutrients
to land, mainly in the form of guano, and fertilization of
the soil with nitrogen, potassium, phosphorus and many
other elements (Eurola & Hakala 1977; Zwolicki et al.
2013; Zwolicki et al. 2016). For the same reason, the
individual size of some plant species was found to be
considerably greater close to seabird colonies compared
with areas more distant from them (Zmudczyńska et al.
2008; Zmudczyńska-Skarbek et al. 2013; Wojciechowska
et al. 2015). Previously, we found that tardigrades were
also significantly larger in the seabird-fertilized sites com-
pared to areas beyond their impact, and suggested that
this may be an effect of greater food availability
(Zawierucha et al. 2015). Such findings are in line with
our observations for T. spitsbergensis but contrast with
the results for our second species, P. recamieri, where no
influence on specimen size, associated with proximity to
seabird colonies, was noted. This finding may simply
reflect the characteristics of the species used in the
study, and the fact that the two species belong to different
orders. If so, it implies that their response to seabird
colony proximity may be taxon-dependent. Zawierucha
et al. (2015) studied an omnivorous tardigrade species
Diaforobiotus islandicus (Richters, 1904) which, apart
from algae and bacteria, may also feed on other micro-
invertebrates, which are more abundant in the vicinity of
seabird colonies. The genera Testechiniscus and
Pilatobius belong to the herbivorous and microbivorous
trophic groups, respectively. They both have narrow
buccal tubes (with external diameters typically around 2
μm) and feed mainly on plant cells, algae, yeast and
bacteria (Schill et al. 2011; Guil & Sanchez-Moreno
2013). However, the exact food preferences of these
species remain unknown. The available pool of the
food sources available to each species may actually be
imperceptibly changed by the seabird colonies, to the
benefit of T. spitsbergensis while still being sufficient to
support P. recamieri but insufficient to affect a change in
its body size. Kosztyła et al. (2016) showed in an experi-
mental study that the tardigrade size reaction to changing
food levels (standardized quantity of food designed to
match the diet of particular species: algae for herbivorous
and rotifers for predators) was species-specific: out of the
six species used only two exhibited significant effects.
The expected increase in body size with latitudinal
gradient could be masked by differences in the pro-
portion of each instar (disparate body size classes) in
the samples. For example, a higher proportion of
younger instars in the Arctic region samples com-
pared to the more southern sites may effectively mask
any actual increase in body size variation along the
latitudinal gradient. Such argument, however, may
not explain our observation as there were only a
small number of juveniles of T. spitsbergensis in
Hornsund in Svalbard (see Supplementary
Table S2). Moreover, the size distributions did not
significantly deviate from normality, indicating that
our site-specific data sets were not dominated by any
specific instar. In natural environments, body size
change may be affected by factors other than those
discussed above (e.g., Brooks & Dodson 1965; Briggs
et al. 2012; Moran & Woods 2012). Experimental
manipulations, as well as long-term field experiments,
show that top predator body size can trigger cascad-
ing effects at lower trophic levels, with resultant
modification of ecosystem process rates (Jochum
et al. 2012; O’Gorman et al. 2012). For example, the
presence of predators may trigger selection pressure
through selection of larger prey (e.g., Brooks &
Dodson 1965). The lack of the expected pattern of
gradually increasing tardigrade body size with lati-
tude may also result from variability during the ani-
mals’ life histories. It may also illustrate cryptic
species diversity within tardigrades (Faurby et al.
2008). However, the problem of life histories is
excluded in this study by removal of extremely
small individuals, as well as by the fact that the size
of instars overlaps (De Smet & Van Rompu 1994;
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Kosztyła et al. 2016). Cryptic diversity within inverte-
brates may be revealed chiefly by global sampling
combined with molecular comparisons of specimens
and studies on their phenotypic plasticity (Jørgensen
et al. 2007; Cesari et al. 2016; Kosztyła et al. 2016).
Tardigrada are a group of poorly known metazoans
for which data on phenotypic plasticity and ecological
relations in natural environments are scarce. In conclu-
sion then, the lack of an expected pattern, i.e., a gradual
changes in tardigrade body size with increasing latitude,
suggests that gradual temperature changes do not influ-
ence T. spitsbergensis or P. recamieri body size in the
natural environment. It is likely that other factors, such
as prey selection by predators (e.g., tardigrades selected
bymites) or competition for food, may affect tardigrade
body size. Conflicting signals (found within our study
and in the published literature we consulted) that indi-
cate both an increase and a decrease in body size in
response to temperature or other factors may be
explained as a taxon-dependent response.
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